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Transverse Momentum Distributions

Unintegrated parton distributions a.k.a. Transverse Momentum 
Distributions correlate with orbital angular momentum and can be 
defined as probabilities in momentum space

Single and double spin asymmetries provide access to moments of 
TMDs
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Semi-inclusive Deep Inelastic 
Scattering

4

electron
pion

proton

Q2 =momentum transfer 

xB = momentum fraction 
z = fractional energy of the struck pion
pT = transverse momentum of the struck pion 
Φh = Angle between hadron and lepton plane
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Accessing TMDs from asymmetries
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Accessing TMDs from asymmetries
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Chapter 2

Interpretation and Theory

2.1 Semi Inclusive Asymmetries

We measure the electron-proton scattering process of the form,

e(l) + N(P )→ e(l′) + π(Ph) + X(P ′) (2.1)

with the four momenta for each particle given in parentheses and shown in Figure (??). The virtual

photon radiated by the electron has momentum q = l− l′. The conventional kinematic variables as

defined in the introduction are used throughout this section. It is often useful to express the spin

dependance of the process by looking at differences in cross sections also known as, asymmetries.

We specifically look at single and double spin asymmetries for longitudinal target polarization with

respect to the lepton beam.

Al
UL =

dσ0→ − dσ0←

dσ0→ + dσ0← (2.2)

The first subscript represents beam polarization and the second denotes target polarization. The

letter U (or 0) indicates an unpolarized lepton and L denotes a longitudinally polarized lepton or

nucleon.

3

4

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

y

z

x

hadron plane

lepton plane

l
l S

P
h

P
h

!h

!S

Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target
rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon
momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=

α2

xyQ2

y2

2 (1 − ε)

(

1 +
γ2

2x

)

{

FUU,T + εFUU,L +
√

2 ε(1 + ε) cos φh F cos φh

UU

+ ε cos(2φh)F cos 2φh

UU + λe

√

2 ε(1 − ε) sin φh F sinφh

LU

+ S‖

[

√

2 ε(1 + ε) sin φh F sin φh

UL + ε sin(2φh)F sin 2φh

UL

]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.

– 3 –

Figure 2.1: In the semi inclusive reaction e+p→ e+π +X, l = (E,"l) and l′ = (E′,"l′) represent the
four momenta of the incoming and outgoing electron respectively. q = (ν = E − E′, "q) is the four
momentum of the virtual photon, P = (M,"0) and Ph = (Eh, "Ph) represent the four momenta for the
proton and detected pion; and X represents the missing mass in the reaction

Al
LL =

dσ→→ − dσ←→ − dσ→← + dσ←←

dσ→→ + dσ←→ + dσ→← + dσ←←
(2.3)

The notation→ and← denote respective cross sections with right handed and left handed helicity

for the lepton or target nucleon.

2.2 Semi Inclusive Cross sections

The semi-inclusive cross sections for a particular nucleon and lepton helicity can be written as a

contraction of the lepton and hadron tensors.

dσ(lp→ lhX) ∝ LνµWµν
d3l′

2l′0
d3Ph

2P 0
h

(2.4)

with a proportionality factor depending on xB , Q2 and y. The leptonic tensor reads,

Lνµ = l′ν lµ + lν l′µ − (l · l′)gνµ + iPlε
νµαβqαlβ (2.5)

where

D =
y[(1 + γ2y/2)(2 − y) − 2y2m2/Q2]

y2(1 − 2m2/Q2)(1 + γ2) + 2(1 + R)(1 − y − γ2y2/4)
(26)

d =

[

[1 + γ2y/2(1 + 2m2y/Q2)]
√

1 − y − γ2y2/4

(1 − y/2)(1 + γ2y/2) − y2m2/Q2

]

D (27)

η = γ
[1 − y − y2(γ2/4 + m2/Q2)]

(1 − y/2)(1 + γ2y/2)− y2m2/Q2
(28)

ξ = γ
1 − y/2 − y2m2/Q2

1 + γ2y/2(1 + 2m2y/Q2)
. (29)

Measurements of both A⊥ and A‖ yield the values of g1 and g2 directly (given a parametrization
of R and F1), but in practice the majority of experiments in the past have only measured A‖. These
experiments have been interpreted as measurements of g1, neglecting or correcting for g2. Although it
turns out that g2 is small, there is no a priori reason for this, so it is safer to neglect some quantity for
which we know an upper bound, e.g. we could utilize |A⊥| ≤ 1, but a better approach is to utilize the
(virtual) photon-nucleon asymmetries. The point is that there exists a restrictive bound on A2 (for the
history of this see [14, 15]):

|A2| ≤
√

R (1 + A1)/2. (30)

Replacing g2 in terms of g1 and A2 yields

A‖

D
= (1 + γ2)

[

g1

F1

]

+ (η − γ) A2, (31)

where η − γ is typically very small. Most experiments either use a parametrization for A2 or neglect
the A2 terms in Eqs. (24, 31) altogether, leading to the approximations

A1 ≈
A‖

D
≈ (1 + γ2)

[

g1

F1

]

(32)

to evaluate g1 and then utilize the bound Eq. (30) to estimate the error involved.
Strictly speaking, all of the above, from Eq. (7) onwards, applies only to a spin 1/2 target. For targets

with higher spin, like the deuteron, the hadronic tensor contains many more structure functions. But
in all the practical cases of interest the target nucleus may be considered as a weakly bound system of
essentially independent nucleons, with a small correction for binding effects, and the nuclear asymmetries
are then expressed in terms of the asymmetries on protons and neutrons. For a detailed analysis of this
issue, and formulae relating measured asymmetries on deuterium and on 3He to the nucleon structure
functions, see Section 2.1.4 of [12]. For the more general theory of DIS on spin 1 targets, see [16] and
[17].

Note that in the above we have kept terms of order M2/Q2 and smaller. They are sometimes nec-
essary in order to extract the correct experimental values of the structure functions from the measured
asymmetries. However, very often, the QCD analysis of the structure functions is carried out at leading
twist only, ignoring higher twist terms, i.e. of order M2/Q2. This is clearly inconsistent in those cases,
for example the Jefferson Lab experiments, where the above terms are important.

1.2 Experiments

When Bjorken proposed his famous sum rule [5] 40 years ago, he considered it “useless” since the
experimental technology needed to test it appeared far from reach. It required substantial advances
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The eg1-dvcs experiment

Ran from February to September 2009

Used the polarized electron beam at 
Jefferson with energy ~ 6 Gev and beam 
polarization ~ 85%

Used a solid, frozen ammonia target to 
get to the polarized proton with proton 
polarization ~ 80%

Used the CEBAF large acceptance 
spectrometer (CLAS) to detect the 
outgoing electron and hadron.

Used the Inner Calorimeter to detect 
photons at small angles 
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The eg1-dvcs experiment
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Event Selection
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Total Energy deposited in the EC/p vs. momentum of 
electron (p)
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Chapter 1

Introduction

Semi-inclusive deep inelastic scattering (SIDIS) has been used as a tool over the past thirty years

to study nucleon spin and its origins. Angular momentum conservation requires that the spin of the

nucleon be written as 1
2 = ∆Σ

2 + ∆G + Lz. ∆Σ denotes the net quark helicity, ∆G denotes the net

gluon helicity and Lz is the orbital angular momentum. In the late eighties it was concluded that

∆Σ contributes a small fraction of the spin of the proton [17]. This spurred a ”spin crisis” in search

of the other contributers of proton spin.

SIDIS has deemed useful specifically to obtain a better understanding for Lz. An analogy can

be drawn with the spin structure functions g1(x, Q2) and g2(x, Q2) where Q2 is the virtuality of the

photon in the inclusive reaction and x = Q2

2Mν is the momentum fraction. M is the proton mass and

ν is the lepton energy transfer. g1 and g2 describe the spin structure of the proton in (x, Q2) phase

space. Similarly, SIDIS equivalent structure functions are extracted in (x, Q2, z, ph⊥, φh) phase

space [1]. Figure (??) shows the schematic for the SIDIS reaction e + p→ e + π + X. z = Eπ
ν gives

the fractional energy of the outgoing pion, Ph⊥ is the transverse momentum of the pion and φh is

the angle between the lepton and hadron planes as shown in Figure (??). X represents the missing

mass in the reaction.

The structure function can be further decomposed into fragmentation functions and transverse

momentum distributions (TMD). TMD can be accessed via single and double spin asymmetries

(AUL and ALL). The asymmetries are zero in the simplest treatments of the parton model and per-
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Dilution factor

11

Use dilution to 
account for 
materials in target 
other than the 
polarized proton

Dilution itself 
depends on 
kinematics, hence 
accurate 
determination is 
key

Build an empirical 
SIDIS model to 
simulate the 
kinematic dilution

Analysis Dilution Factor

Dilution from other target materials

Dilution factor is the ratio of the semi-inclusive event rate from the polarized proton to the
event rate from all other target materials

f = nProton
nN+nProton+nAl+nKapton+nHe

= ρProtonσProton
ρNσN+ρProtonσProton+ρAl σAl+ρKaptonσKapton+ρHeσHe

96

Figure 2.13: Beads of ammonia in a target cup. The purple discoloration is due to radiation damage.

the width of the target window. Helmholtz coils produce the required oscillating fields at the correct

frequencies to produce the desired pattern. Raster magnet ADC amplitudes are recorded in coinci-

dence with each scattering event, so that the raster pattern can be reconstructed (see, for example,

Section 3.3.4).

2.4.2 Dynamic Nuclear Polarization: Overview

The method of Dynamic Nuclear Polarization (DNP) is used to polarize the ammonia target material.

A complete, detailed treatise of this method is beyond the scope of this thesis; only a basic summary

(specific to this experiment) and appropriate references are included here.

For spin-12 nuclei, which only have two possible spin orientations in an external field (+ 1
2 and

− 1
2 ), the polarization along the magnetic field (z) axis is given in terms of the spins J as simply

P = 〈Jz〉/J = n+ − n− (2.5)

where n± represents the fraction of nuclei with each spin. Assuming internal equilibrium, the spins

can then be characterized by the Boltzmann law with a characteristic temperature TS:

n−

n+
= exp(−Em/kTS) (2.6)

CLAS z (cm)

58.2556.75

Al Banjo Windows (gray) L ~ 2.18 cm
Helium filled (gray shading)

CLAS z (cm)

CLAS z (cm)

57.50 58.5956.41

Kapton Target Window

Al Banjo Window

Get areal densities from experimental measurements and PDG tables. Develop model to get
SIDIS σ’s for each material

S. Jawalkar (W & M) SSA and DSA in SIDIS March 10, 2011 9/17

Analysis Dilution Factor

Fits π+

Each data point corresponds to a separate bin in xB , z, Q2 and pT . Each color is a set of pT

points for a given z bin, The three colors show z bin averages of 0.35, 0.45, 0.55, and 0.65. The
patterns repeat for as many Q2 bins as there are in each xB bin, then repears for each xB bin.

So, the overall trend is to go from low to high xB (Below: π+ Runs 59400 - 60200 χ2

dof = 1.13 ).

S. Jawalkar (W & M) SSA and DSA in SIDIS March 10, 2011 11/17
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3

measured for the first time by the HERMES Collabora-
tion [11]. Higher-twist observables, such as longitudinally
polarized beam or target SSAs, are important for un-
derstanding long-range quark-gluon dynamics. Recently,
higher-twist effects in SIDIS were interpreted in terms of
an average transverse force acting on the active quarks in
the instant after being struck by the virtual photon [36].
Both sinφ and sin 2φ moments of the SIDIS cross sec-

tion for longitudinally polarized targets can be an impor-
tant source of independent information on the Collins
fragmentation mechanism [4], complementary to recent
Belle measurements [37]. The sin 2φ asymmetry, how-
ever, provides a cleaner measurement of Collins fragmen-
tation because it doesn’t have a Sivers type contribution
in the leading order [23].
In this Letter, we present measurements of the kine-

matic dependences of different single- and double-spin
asymmetries in semi-inclusive pion production off lon-
gitudinally polarized protons. The current analysis is
based on recently published data [38] from Jefferson Lab.
The CEBAF Large Acceptance Spectrometer [39] in Jef-
ferson Lab’s Hall B was used to measure spin asymme-
tries in the scattering of longitudinally polarized elec-
trons from longitudinally polarized protons. The data
were collected in 2001 using an incident beam of 5-nA
with E = 5.7 GeV energy and an average beam polar-
ization of PB = 70%. The detector package [39] pro-
vided a clean identification of electrons scattered at po-
lar angles between 8 and 45 degrees. Charged and neu-
tral pions were identified using the time-of-flight from
the target to the timing scintillators and the signal in
the lead-scintillator electromagnetic calorimeter, respec-
tively. Ammonia (15NH3), polarized via Dynamic Nu-
clear Polarization [40], was used to provide polarized pro-
tons. The average target polarization (Pt) was about
75%. The data were divided into 5 bins in Q2 (0.9 - 5.4
GeV2), 6 bins in x (0.12 - 0.48), 3 bins in z (0.4 - 0.7),
9 bins in PT (0 - 1.12 GeV/c) and 12 bins in φ (0 - 2π).
Cuts on the missing mass of e′πX (MX > 1.4 GeV) and
on the fraction of the virtual photon energy ν carried by
the pion z (z < 0.7), have been used to suppress the con-
tribution from exclusive processes. At large z (z > 0.7)
the fraction of π± from ρ0-decays can be fairly large and
the corrections due to pions coming from the ρ (from 5
to 20% for z < 0.7), not accounted for in the current
analysis, may be significant.
The double spin asymmetry A1 is defined as

A1 =
1

fD′(y)PBPt

N+ −N−

N+ +N−
(1)

where f ≈ 0.14 (dependent on kinematics) is the dilu-
tion factor, y = ν/E, and N± are luminosity-weighted
counts for antiparallel and parallel electron and proton
helicities. The contribution from the longitudinal photon
is accounted for in the depolarization factor D′(y):

D′(y) =
(1− ε)(2− y)

y(1 + εR)
≡

y(2− y)

y2 + 2
(

1− y −
y2γ2

4

)

(1+R)
(1+γ2)

,(2)

where R [41] is the ratio of longitudinal to transverse
photon contributions and ε is the ratio of longitudinal
and transverse photon fluxes.
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FIG. 1: The double-spin asymmetry as a function of x from
a polarized proton target for different pions. Open triangles
correspond to the HERMES measurement of A1 for π+ [42].
Only statistical uncertainties are shown. The solid, dashed
and dotted curves, calculated using LO GRSV PDF [43] and
Dd→π+

1 /Du→π+
1 = 1/(1 + z)2 [20] correspond to π+, π−, and

π0, respectively.

The main sources of systematic uncertainties in the
measurements of the double spin asymmetries include un-
certainties in beam and target polarizations (4%), dilu-
tion factor (5%), and depolarization factor (5%). Contri-
butions from target fragmentation, kaon contamination
and radiative corrections [44] were estimated to be below
3% each.
The dependence of the double-spin asymmetry on

Bjorken x for different pions obtained from the CLAS
data is presented in Fig. 1. The results for A1 are con-
sistent with the HERMES semi-inclusive data, and at
large x have significantly smaller statistical uncertainties.
The double spin asymmetries measured by HERMES and
CLAS at different beam energies (by a factor of ≈ 5) and
different values of average Q2 (by a factor of ≈ 3), for a
fixed x-bin are in good agreement, indicating no signifi-
cant Q2 dependence of the double polarization asymme-
try A1. Measured asymmetries are also consistent with
calculations performed using leading-order GRSV PDFs
[43] and a simple parametrization of the ratio of unfa-
vored and favored fragmentation functions [20].
A1 is shown in Fig. 2 as a function of PT , integrated

over all x (0.12–0.48) for Q2 > 1 GeV2, W 2 > 4 GeV2,
and y < 0.85. Although these plots are consistent with
flat distributions, A1(PT ) may decrease somewhat with

4

PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

PRELIMINARY

PRELIMINARY

H. Avakian et. al. Published in Phys Rev Lett  105 262002, 2010
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More on A1
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Beam spin asymmetry ALU
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H. Avakian et. al. Published in Phys Rev Lett  105 262002, 2010

Fit using p0 + p1 sin Φ + p2 sin 2 Φ and extract moments
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PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetryA1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-
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Summary

eg1-dvcs measures spin azimuthal asymmetries with significantly 
improved statistical precision for a longitudinally polarized 
proton

Beam spin asymmetries are consistent with unpolarized target 
measurements

First statistically significant measurement of AUL for π0 showing 
asymmetries dominated by sin Φh   
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Future Plans

Continue to separate data in multiple dimensions until 
statistics becomes an issue

Radiative Corrections

Systematic Errors

Test factorization

The data can be used in a wide range of model calculations to 
study TMDs e.g. LO Relativistic QP Model, Bag Models,  
Quark-Diquark Models, etc.
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